In Caenorhabditis elegans, the mechanisms regulating germline apoptosis remain largely unknown, except for the core machinery. Here, we found that mutants of pgl-1 and pgl-3, encoding members of a family of constitutive protein components of germline-specific P granules, showed increased germline apoptosis under both physiological and DNA-damaged conditions. We also found that the number of germ cells that lost PGL proteins increased significantly following UV irradiation, and that only those PGL-absent germ cells were selectively engulfed by gonadal sheath cells in adult hermaphrodite gonads. We further revealed that CEP-1, the p53 homolog, and the caspase CED-3 promoted elimination of PGL-1 from germ cells following UV irradiation. Furthermore, protein levels of CED-4, the Apaf-1 homolog, and cytoplasmic translocation of SIR-2.1, a Sirtuin homolog, significantly increased in pgl mutants and increased even more following UV irradiation. CED-4 and SIR-2.1 were essential for high levels of germline apoptosis in pgl mutants. We conclude that PGL proteins suppress excessive germline apoptosis by repressing both the protein levels of CED-4 and the cytoplasmic translocation of SIR-2.1. Our study has revealed new roles for PGL-1 and PGL-3 in the control of germline apoptosis.
INTRODUCTION
Germ cells of many organisms contain distinctive cytoplasmic structures called germ granules (Eddy, 1976; Voronina et al., 2011) . Because of their presence in diverse organisms, germ granules are considered to play pivotal roles in germline development (Eddy, 1976; Strome and Lehmann, 2007) . However, their molecular functions remain largely elusive. In the free-living soil nematode Caenorhabditis elegans, germ granules are also called P granules (Strome and Wood, 1982) . P granules are expected to have RNArelated functions because most of the protein components identified so far possess RNA-binding motifs (Strome, 2005; Updike and Strome, 2010) . We previously identified PGL-1 and PGL-3 as members of a family of constitutive protein components of P granules, both of which contain an RNA-binding motif called the RGG box (Kawasaki et al., 1998 (Kawasaki et al., , 2004 . Depletion of PGL-1 causes temperature-sensitive sterility due to defects in germ cell proliferation and gametogenesis (Kawasaki et al., 1998) , and depletion of both PGL-1 and PGL-3 causes highly penetrant sterility at all culturing temperatures (Kawasaki et al., 2004) .
The C. elegans adult hermaphrodite gonad consists of two Ushaped arms connected by a common uterus at their proximal ends. Apoptotic germ cells are constantly observed in the late pachytene zone of the gonad arm under standard culturing conditions (Gumienny et al., 1999) . This type of germline apoptosis, which occurs during normal oogenesis, is called 'physiological germ cell apoptosis' . When DNA damage occurs, higher levels of germline apoptosis termed 'DNA-damage-induced germ cell apoptosis' is observed (Gartner et al., 2000) . Occurrence of germ cell apoptosis totally depends on the activities of ced-3 and ced-4, which encode a caspase-family protease and an adaptor protein similar to mammalian apoptotic protease-activating factor-1 (Apaf-1), respectively (Lettre and Hengartner, 2006; Gartner et al., 2008) . Physiological germ cell apoptosis is also regulated by the activity of ced-9, which encodes an anti-apoptotic protein homologous to Bcl-2 (Park et al., 2006; Schertel and Conradt, 2007) . Meanwhile, induction of a higher level of apoptosis by DNA damage is mediated by multiple DNA damage checkpoint genes along with cep-1, which encodes a p53-like protein, and egl-1, which encodes a pro-apoptotic BH3-only protein that downregulates ced-9 activity (Gartner et al., 2000; Schumacher et al., 2001 ). In addition, sir-2.1, which encodes a C. elegans Sirtuin homolog, has recently been shown to be essential for the execution of germline apoptosis in response to DNA damage (Greiss et al., 2008) . It has been shown that, during apoptosis, SIR-2.1 changes its subcellular localization from the nucleus to the cytoplasm by an unknown mechanism and transiently colocalizes with CED-4 at the nuclear periphery (Greiss et al., 2008) .
The physiological germ cell apoptosis that occurs during normal oogenesis is presumably necessary for the elimination of excess germ cells that served as nurse cells, which supply cytoplasmic components necessary for oocyte development to the remaining germ cells (Gumienny et al., 1999) . But how this type of apoptosis is triggered during normal oogenesis in the absence of any known stress is not well understood. Genes that prevent excessive physiological germ cell apoptosis have been identified in various studies . In particular, cgh-1 and car-1 mutants have been reported to show excessive physiological germ cell apoptosis (Navarro et al., 2001; Boag et al., 2005) . CGH-1 and CAR-1 have also been shown to colocalize with P granules in C. elegans germ cells (Navarro et al., 2001; Boag et al., 2005) .
Although the vast majority of germ cells in the gonads contain P granules or PGL-1, a few PGL-1-absent germ cells are also observed in the adult hermaphrodite gonads under physiological conditions (Pitt et al., 2000) . It has been reported that several nuclei of these PGL-1-absent germ cells have a type of highly condensed chromatin that is characteristic of late-stage apoptosis (Pitt et al., 2000) . It has also been reported that there are more PGL-1-absent germ cells in ced-1 hermaphrodite gonads than in ced-1; ced-3 hermaphrodite gonads (Sheth et al., 2010) . These results suggest involvement of P granules or PGL-1 in the regulation of germline apoptosis. Nevertheless, this intriguing hypothesis has not been examined closely using loss-of-function mutants of P-granule component genes. To investigate the possible involvement of PGL-1 and PGL-3 in the control of germline apoptosis, we examined pgl-1 and pgl-3 mutants. Here, we show that PGL-1 and PGL-3 protect germ cells from excessive apoptosis. They achieve this by repressing cytoplasmic translocation of SIR-2.1, and this nuclear retention of SIR-2.1 is released at least partly by CEP-1-and CED-3-mediated elimination of PGL-1 from germ cells following DNA damage. Because CED-4 protein levels also increased in pgl-1 mutants, we hypothesize that a high level of CED-4 and cytoplasmically translocated SIR-2.1 cooperatively induce high levels of germline apoptosis in pgl mutants.
RESULTS
Germline apoptosis increases in pgl-1 single and pgl-1; pgl-3 double mutants
We found that three loss-of-function mutant alleles of pgl-1 showed higher levels of germline apoptosis than wild-type controls under physiological conditions at a permissive temperature ( Fig. 1; Fig. S1A ; also see Discussion). We measured the levels of germline apoptosis by using vital staining with Acridine Orange as previously described (Navarro et al., 2001) . We observed higher levels of Acridine-Orangepositive germ cells in pgl-1 mutant gonads than in wild-type gonads (Fig. 1A,B) . Because we observed more severe germline defects in pgl-1; pgl-3 double mutants than in pgl-1 single mutants in our previous study (Kawasaki et al., 2004) , we also scored Acridine-Orange-positive germ cells in pgl-1; pgl-3 double mutants, and found that the levels of Acridine-Orange-positive germ cells were even higher in pgl-1; pgl-3 double-mutant gonads than in pgl-1 single-mutant gonads (Fig. 1A,B) . The levels of Acridine-Orange-positive germ cells in pgl-1; pgl-3 double-mutant gonads were not different from that in cgh-1 mutant gonads under physiological conditions (Fig. 1B) . Because the increase in Acridine-Orange-positive germ cells could be caused by a failure of somatic gonadal sheath cells to engulf germ cell corpses, we also examined the level of engulfment using the worm strains carrying the transgene bcIs39[Plim-7::ced-1::gfp], which expresses functional GFP-tagged CED-1 in several tissues including gonadal sheath cells (Zhou et al., 2001 ). We found that the level of engulfment was higher in pgl-1 mutant gonads than in wild-type gonads (Fig. 1C,D) . These results indicate that the increase in Acridine-Orange-positive germ cells is indeed caused by the increase in germline apoptosis in pgl-1 and pgl-1; pgl-3 mutants. This conclusion is further supported by the finding Fig. 1 . Germline apoptosis increased in pgl-1 single and pgl-1; pgl-3 double mutants. (A) Apoptotic germ cells in N2, pgl-1(ct131) and pgl-1(ct131); pgl-3(bn104) hermaphrodite gonad arms under physiological conditions visualized by Acridine Orange (AO) staining at 20°C. Dotted lines indicate the outline of the gonad arms. *, distal side of the gonad arm. (B) Mean±s.d. numbers of Acridine-Orange-positive germ cells per gonad arm (n=15) at 24 and 48 h after the L4 stage at 20°C. Because ct131, the original allele of pgl-1, was isolated in a him-3(e1147) background, and pgl-1 and him-3 are located next to each other (within 5 kb on chromosome IV), ct131 and e1147 are genetically inseparable. Therefore, we used him-3(e1147) as well as N2 as wild-type controls in this study. (C) Cell corpse engulfment visualized with bcIs39[Plim-7::ced-1::gfp] transgene at 20°C. Some of the engulfed germ cell corpses surrounded by the GFP-tagged CED-1 (CED-1:: GFP) signal are marked with arrowheads. (D) Mean±s.d. numbers of germ cell corpses surrounded by the GFP-tagged CED-1 signal per gonad arm (n=15) at 24, 48 h after the L4 stage at 20°C. *P<0.05; Next, we examined the level of germline apoptosis following DNA damage in pgl-1 mutants. We used UV irradiation to generate DNA damage as previously described . Following UV irradiation, the number of Acridine-Orange-positive germ cells increased in both wild-type controls (N2 and him-3) and pgl-1 mutant hermaphrodites ( pgl-1 him-3). However, the number was higher in pgl-1 mutants than in controls ( Fig. 2A) . Because the level of germline apoptosis following UV irradiation was higher in pgl-1 mutants than in wild type, we further examined whether UV irradiation affects the level or localization of PGL-1 by immunofluorescence analysis with anti-PGL-1 antibody (Kawasaki et al., 1998) . We consistently observed a few germ cells that showed complete loss of PGL-1 in the pachytene zone of N2 adult hermaphrodite gonads under physiological conditions (Fig. 2B , an arrowhead in the 0 J/m 2 gonad) as previously described (Pitt et al., 2000) . Remarkably, the number of PGL-1-absent germ cells substantially increased after UV irradiation in N2 adult hermaphrodite gonads (Fig. 2B , arrowheads in the 400 J/m 2 gonad). However, we seldom observed PGL-1-absent germ cells in N2 adult male gonads under physiological conditions (Fig. S2 ). Although this number increased slightly following UV irradiation, the level was ∼10% of that in hermaphrodites (Fig. S2) . This difference between hermaphrodites and males might reflect the fact that germline apoptosis is observed only in hermaphrodite gonads but not in male gonads (Gumienny et al., 1999) . If so, the difference in the number of PGL-1-absent germ cells before and after UV irradiation (Fig. 2D) , as well as between two sexes might suggest a potential role for PGL-1 in the apoptotic response. To investigate a possible correlation between the loss of PGL-1 from germ cells and the commitment of the germ cells to apoptosis, we co-immunostained gonads of UV-irradiated or non-irradiated bcIs39[Plim-7::ced-1::gfp] transgenic hermaphrodites with anti-PGL-1 and anti-GFP antibodies (Fig. 2C ). We found that under both physiological and DNA-damaged conditions, only PGL-1-absent germ cells were selectively engulfed by gonadal sheath cells 
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( Fig. 2C, yellow arrowheads) , although not all PGL-1-absent germ cells were engulfed in bcIs39 adult hermaphrodite gonads (Fig. 2C , white arrowheads; on average 30% of PGL-1-absent germ cells and none of PGL-1-present germ cells were surrounded by GFP-tagged CED-1 at 24 h after UV irradiation in nine gonad arms examined).
To monitor the timecourse of the change in the number of PGL-1-absent germ cells in the UV-irradiated gonads, we UV-irradiated adult hermaphrodites at 24 h after the L4 stage, collected a subset of these animals at 12 h intervals for 60 h, immunostained their gonads with anti-PGL-1 antibody and scored the number of PGL-1-absent germ cells in the gonads (Fig. 3A,B) . In the distal region of the gonads, which includes from distal mitotic to latepachytene-stage germ cells, the number of PGL-1-absent germ cells drastically increased and decreased during the 60 h when N2 hermaphrodites were examined (Fig. 3B, green line) . The number reached around 140 at the peak (24 h), which was far more excessive than the number of Acridine-Orange-positive germ cells at that time ( Fig. 2A) . Moreover, PGL-1-absent germ cells were observed not only in the pachytene region but also in the entire distal region of the gonads (Fig. 3A , the regions surrounded by the green dotted lines). In contrast, in the proximal region of the UVirradiated N2 hermaphrodite gonads, which includes diploteneand diakinesis-stage germ cells (Fig. 3A , the regions surrounded by the red dotted lines), we did not observe PGL-1-absent germ cells throughout the observation period (Fig. 3B, red line) . Furthermore, when UV-irradiated ced-1 hermaphrodite gonads were examined, which are defective for germ-cell corpse engulfment, although the number of PGL-1-absent germ cells also increased as in N2, the number did not decrease during the 60 h in the distal region (Fig. 3B , blue line). The proximal region of the UV-irradiated ced-1 hermaphrodite gonads was disorganized, and individual germ cells were indistinguishable. Therefore, we could not score the number of PGL-1-absent germ cells in the ced-1 proximal region. These results suggest that after loss of PGL-1, and possibly other P-granule components, germ cells cannot survive beyond the late-pachytene stage because they are consumed by ced-1-dependent engulfment machinery of gonadal sheath cells (Fig. 2C) . We assume that after UV irradiation, several P-granule components, including PGL-1 and PGL-3, disappear from germ cells. Apoptosis program is initiated in these germ cells, which are finally engulfed by the sheath cells. Although there were far more PGL-1-absent germ cells than Acridine-Orange-positive germ cells in the distal region of the gonads at early time points after UV irradiation, the majority of these PGL-1-absent germ cells appeared to be eventually consumed by the ced-1-dependent engulfment machinery before they advanced to post-pachytene stages.
CEP-1 and CED-3 are involved in the process of PGL-1 elimination
Because the number of PGL-1-absent germ cells was much higher following DNA damage than under physiological conditions in hermaphrodite gonads, we speculated that genes in the DNAdamage-induced germline apoptosis pathway might be involved in the process of PGL-1 elimination. Mutants in this pathway fail to induce a higher level of germline apoptosis following DNA damage (Gartner et al., 2000) . To elucidate a possible genetic interaction, we tested whether the apoptosis phenotype of pgl-1 mutants was epistatic to this mutant phenotype of any gene in the pathway (Fig. 4A) . We found that pgl-1 was epistatic to cep-1. That is, cep-1; pgl-1 double mutants showed a fairly similar phenotype to that of pgl-1 single mutants under both physiological and DNA-damaged conditions (Fig. 4A ). In contrast, pgl-1; egl-1 double mutants instead showed a similar phenotype to that of egl-1 single mutants. Thus, pgl-1 was not epistatic to egl-1. These results suggest that CEP-1, but not EGL-1, functions upstream of PGL-1 to negatively regulate the level or activity of PGL-1. To obtain molecular evidence supporting this hypothesis, we immunostained gonads of UV-irradiated or non-irradiated N2, egl-1 and cep-1 adult hermaphrodites with anti-PGL-1 antibody (Fig. 4B) . We observed that the number of PGL-1-absent germ cells increased in all the three 
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hermaphrodite gonads following UV irradiation (Fig. 4B,C) . However, the average number of PGL-1-absent germ cells following UV irradiation was significantly smaller in cep-1 hermaphrodite gonads than in N2 hermaphrodite gonads (Fig. 4C ). By contrast, the average number following UV irradiation was not significantly reduced in egl-1 hermaphrodite gonads compared to N2 gonads (Fig. 4C ). Moreover, we observed that PGL-1, which usually localizes to the perinuclear region of germ cells that are located at the surface of the syncytial gonad, occasionally also accumulated in the rachis, the central cytoplasmic region, in cep-1, but not N2, adult hermaphrodite gonads under physiological conditions (Fig. 4D ). We speculated that this unusual accumulation of PGL-1 in the rachis of cep-1 mutant gonads might reflect an overload of PGL-1 protein in the gonads. Therefore, we further performed western blot analysis using anti-PGL-1 antibody, and indeed found that cep-1, but not egl-1, adult hermaphrodites contained more PGL-1 protein than N2 adult hermaphrodites under physiological conditions (Fig. 4E ). These results support the view that CEP-1 is involved in elimination of PGL-1 in adult hermaphrodite gonads. In the absence of CEP-1, more accumulated PGL-1 in the gonads might compensate for its loss after DNA damage; thus, the number of PGL-1-absent germ cells would be reduced and finally result in a lower level of germline apoptosis following DNA damage in cep-1 mutants compared with N2.
To address the possibility that PGL-1 is processed by CED-3 or other caspases during the course of its elimination, we examined the expression level and localization pattern of PGL-1 in csp-1 single, ced-3 single and csp-1; ced-3 double caspase mutant backgrounds with or without UV irradiation (Fig. 5) . First, as assessed by western blot analysis, we found that the PGL-1 protein level increased in ced-3 single mutants (1.5±0.1, n=3, mean±s.d.) (n=20) in N2, egl-1(ok1418), cep-1(gk138) and ced-3(ok2734) adult hermaphrodites, which were scored using the specimens obtained in B. (D) Late-pachytene region of gonad arms from non-UV-irradiated N2, cep-1(gk138) and cep-1(lg12501) adult hermaphrodites, which were dissected and fixed at 48 h after the L4 stage at 20°C, and immunostained with anti-PGL-1 antibody (red) along with TO-PRO-3 DNA staining (blue). Focal planes of the images are in the middle of gonad tubes to show rachis. Scale bar: 10 μm. (E) Western blot analysis of PGL-1 protein levels using anti-PGL-1 antibody in N2, egl-1(ok1418), cep-1 (gk138), and pgl-1(ct131) adult hermaphrodites, which were grown under physiological conditions and harvested at 48 h after the L4 stage at 20°C. 
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and csp-1; ced-3 double mutants (1.4±0.1, n=3) compared with N2 (1) or csp-1 single mutants (1.1±0.1, n=3) under physiological conditions (Fig. 5A , 0 J/m 2 ). After UV irradiation, the PGL-1 protein level further increased in ced-3 single mutants (1.9±0.4, n=3) but not in csp-1 single mutants (1.1±0.1, n=3) compared with N2 (set at 1) (Fig. 5A , 400 J/m 2 ). Second, by immunofluorescence analysis, although the expression pattern was not grossly affected, we noticed that there were very few PGL-1-absent germ cells in ced-3 single and csp-1; ced-3 double mutant gonads compared with N2 or csp-1 single mutant gonads under physiological conditions (Fig. 5B , 0 J/m 2 arrowheads). After UV irradiation, although PGL-1-absent germ cells were also observed in ced-3 single mutant gonads, the number and percentage were much smaller than those in N2 and csp-1 single mutant gonads (Fig. 5B ,C, 400 J/m 2 arrowheads and black bars). These results indicate that the PGL-1 protein level and the number of PGL-1-absent germ cells are affected by CED-3, but not by CSP-1. PGL-1 might be processed by CED-3 caspase during the course of its elimination. Alternatively, absence of apoptosis might generally repress elimination of PGL-1 from germ cells. Further analysis is required to clarify the underlying mechanism.
Protein level and perinuclear localization of CED-4 increases in pgl-1 mutants Next, we investigated crucial downstream targets of PGL-1 for the control of germline apoptosis. First, we confirmed that the high level of germline apoptosis in pgl-1 mutants was entirely dependent on the activity of ced-4 because ced-4; pgl-1 double mutants showed almost no germline apoptosis with or without UV irradiation, as for ced-4 single mutants (Fig. 6A ). This result suggests that PGL-1 functions upstream of CED-4 to suppress apoptosis. It has been reported that in the C. elegans gonads, CED-4 is localized predominantly to the perinuclear region of germ cells instead of mitochondria in the cytoplasm (Pourkarimi et al., 2012) . It has also been shown that CED-4 further accumulated at the perinuclear region in response to DNA damage (Pourkarimi et al., 2012) . Western blot analysis showed that CED-4 protein levels increased not only following DNA damage but also in pgl-1 mutants (Fig. 6B ). Compared to non- irradiated N2 hermaphrodites, CED-4 protein levels increased 1.5-, 1.9-and 2.0-fold in pgl-1 hermaphrodites without UV, N2 hermaphrodites with UV, and pgl-1 hermaphrodites with UV, respectively (Fig. 6B) . Thus, DNA damage and PGL-1 absence might have an additive effect on the increase in CED-4 protein levels.
Immunofluorescence analysis of gonads from opIs219[Pced-4::ced-4::gfp] transgenic hermaphrodites, which express GFP-tagged CED-4 under the control of the ced-4 promoter (Zermati et al., 2007) , showed that GFP-tagged CED-4 accumulated at the nuclear periphery more substantially in PGL-1-absent germ cells than in germ cells where PGL-1 was present under both physiological and DNA-damaged conditions (Fig. S3A, arrowheads) . There was a nice correlation between the percentage of PGL-1-absent germ cells and that of germ cells that had accumulated CED-4 in the gonads with or without UV irradiation (Fig. S3B) . The number of PGL-1-absent germ cells and that of germ cells with accumulated CED-4 in the gonads during a 36-h timecourse following UV irradiation also matched well (Fig. S3C) . These results suggest that loss of PGL-1 and perinuclear accumulation of CED-4 occurred almost concurrently in the overlapping germ cell populations at an early stage of apoptosis. GFP-tagged CED-4 accumulated more in the perinuclear region of germ cells not only after UV irradiation but also after pgl-1 RNA interference (RNAi) (Fig. 6C) . The increase in GFPtagged CED-4 protein level after pgl-1 RNAi and UV irradiation was confirmed by western blot analysis using anti-GFP antibody (Fig. 6D) . Although the majority of GFP-tagged CED-4 appeared to remain in the perinuclear region after UV irradiation and/or pgl-1 RNAi (Fig. 6C , enlarged images), some cytoplasmic GFP-tagged CED-4 signals that were detached from the nuclear periphery also became visible in opIs219 gonads after pgl-1 RNAi and/or UV irradiation (Fig. 6C , arrowheads in the enlarged images). These results indicate that PGL-1 negatively regulates the protein level and perinuclear accumulation of CED-4, which contributes to suppress excessive germline apoptosis. It has been reported that CED-4 accumulated more in the nuclear periphery of germ cells without DNA damage in ced-9(n2812lf ) mutants than in N2 germ cells (Pourkarimi et al., 2012) , suggesting that CED-9 negatively regulates perinuclear accumulation of CED-4, as does PGL-1. We therefore examined for a possible genetic interaction between pgl-1 and ced-9. In ced-9(n1950gf ) hermaphrodites, physiological apoptosis occurred normally, but UV irradiation did not induce a higher level of apoptosis (Fig. S4A) , as previously reported (Gumienny et al., 1999; Gartner et al., 2000) . After pgl-1 RNAi, ced-9(n1950gf ) hermaphrodites showed a slightly, but consistently, higher level of germline apoptosis than mock RNAi-treated ced-9(n1950gf ) hermaphrodites under both physiological and DNA-damaged conditions (Fig. S4A) . We next tested temperature-sensitive ced-9(n1653lf ) hermaphrodites, which showed significantly higher levels of germline apoptosis than wildtype control hermaphrodites at 25°C (Fig. S4B) . After pgl-1 RNAi, ced-9(n1653lf ) hermaphrodites showed even higher levels of germline apoptosis than mock-RNAi-treated ced-9(n1653lf ) hermaphrodites under both physiological and DNA-damaged conditions at 25°C (Fig. S4B) . Furthermore, by western blot analysis, we found that PGL-1 protein level was not substantially changed in ced-9(n1950gf ) mutants (0.9) compared with N2 (set at 1) (Fig. S4C) , although the level was slightly decreased in ced-9(n1653lf ) mutants (0.8) compared with wild-type control (set at 1) at 25°C (Fig. S4D) . Similarly, CED-9 protein level was not substantially changed in pgl-1(ct131lf ) mutants (0.9) compared with N2 (set at 1) (Fig. S4E) . Based on the results of genetic and western blot analyses, we assume that PGL-1 and CED-9 most likely function additively in parallel pathways for the control of germline apoptosis, although another possibility, such as PGL-1 functioning upstream of CED-9, still cannot be completely excluded.
Excessive cytoplasmic translocation of SIR-2.1 induces a high level of germline apoptosis in pgl-1 mutants SIR-2.1, a C. elegans homolog of the Sirtuin NAD + -dependent protein deacetylase family, has been shown to be essential for the execution of germline apoptosis in response to DNA damage (Greiss et al., 2008) . Although SIR-2.1 is primarily a nuclear protein, it changes its subcellular localization from the nucleus to the cytoplasm during apoptosis and transiently colocalizes with CED-4 at the nuclear periphery (Greiss et al., 2008) . By immunostaining analysis, we found that SIR-2.1 was translocated from the germ nuclei to the cytoplasm more in pgl-1 hermaphrodite gonads than in N2 hermaphrodite gonads (Fig. 7A) . Cytoplasmic translocation of SIR-2.1 was not observed in most of the germ cells (designated pattern 1) in 100% of non-irradiated N2 hermaphrodite gonads. However, in approximately 70% of non-irradiated pgl-1 hermaphrodite gonads, SIR-2.1 was partially translocated to the cytoplasm through the pachytene zone (designated pattern 2), whereas the remaining 30% showed pattern 1 (Fig. 7A) . Although partial cytoplasmic translocation of SIR-2.1 was widely observed through the pachytene zone (pattern 2) in ∼75% of N2 hermaphrodite gonads after 400 J/m 2 of UV irradiation, cytoplasmic translocation of SIR-2.1 throughout the pachytene zone was observed in 100% of pgl-1 hermaphrodite gonads after the same UV irradiation. Particularly, in ∼20% of those pgl-1 hermaphrodite gonads, SIR-2.1 was almost completely translocated from the germ nuclei to the cytoplasm through the entire pachytene zone (designated pattern 3) after that UV irradiation (Fig. 7A) . We verified that SIR-2.1 is an essential factor to induce excessive levels of germline apoptosis in pgl-1 mutants, because germline apoptosis was almost completely suppressed in pgl-1 sir-2.1 double mutants to the level of sir-2.1 single mutants under both physiological and DNA-damaged conditions (Fig. 7B) . Western blot analysis showed that, in contrast to CED-4, protein levels of SIR-2.1 did not differ significantly between N2 and pgl-1 hermaphrodites regardless of UV irradiation (Fig. 7C) . Co-immunostaining of opIs219[Pced-4::ced-4::gfp] hermaphrodite gonads with anti-GFP and anti-SIR-2.1 antibodies confirmed that the cytoplasmic signal of GFP-tagged CED-4 and SIR-2.1 increased after pgl-1 RNAi and/or UV irradiation (Fig. 7D, arrowheads) . We consider that PGL-1 suppresses excessive germline apoptosis at least partly by repressing cytoplasmic translocation of SIR-2.1. We observed that a substantial proportion of SIR-2.1 was translocated to the cytoplasm in germ cells of glh-4 glh-1 double mutant gonads under both physiological and DNA-damaged conditions (Fig. 7E ). In the mutant germ cells, although present, a substantial proportion of PGL-1 was dissociated from the nuclear envelope and dispersed into the cytoplasm (Fig. 7E ). These observations suggest that, to repress cytoplasmic translocation of SIR-2.1, PGL-1 needs to localize to perinuclear region.
Germline apoptosis increases in pgl-3 mutants through the same mechanism as in pgl-1 mutants PGL-3 is another member of the PGL family and its function is partially redundant with PGL-1 in C. elegans germline development (Kawasaki et al., 2004) . We found that pgl-3 mutant hermaphrodites also showed higher levels of germline apoptosis than N2 hermaphrodites under both physiological and DNA-damaged conditions (Fig. 8A) . Germline apoptosis in pgl-3 mutants was completely abrogated by ced-4 mutation, and the level of pgl-3 mutant apoptosis was significantly suppressed by sir-2.1 mutation to the level of sir-2.1 single mutants, whereas the level of cep-1 mutant apoptosis was slightly increased by pgl-3 mutation (Fig. 8A) . Immunofluorescence analysis showed that significant numbers of germ cells lost PGL-3 as well as PGL-1 after UV irradiation (Fig. 8B ). Furthermore, a higher level of SIR-2.1 cytoplasmic translocation was observed in pgl-3 mutant gonads than in N2 gonads (Fig. 8C) . Furthermore, pgl-1; pgl-3 double mutants showed higher levels of germline apoptosis than pgl-1 or pgl-3 single mutants, and this high level of germline apoptosis in the double mutants was suppressed by sir-2.1 mutation (Fig. 8A) . Therefore, we consider that, for the control of germline apoptosis, PGL-3 functions redundantly with PGL-1 using the same mechanism.
We also examined genetic requirement of other P-granule component genes for control of germline apoptosis. We found that, although the apoptosis level of glh-1 mutants was suppressed by sir-2.1 mutation to the level of sir-2.1 single mutants, the apoptosis level of cgh-1 mutants was not effectively suppressed by sir-2.1 mutation (Fig. 8A) . These results suggest that, for the control of germline apoptosis, GLH-1 uses a sir-2.1-dependent mechanism similar to that used by PGL-1 and PGL-3, whereas CGH-1 uses a different mechanism that is independent of sir-2.1 activity.
DISCUSSION
In this study, we revealed that PGL-1 and PGL-3, members of a family of constitutive P-granule components, serve as germlinespecific apoptosis regulators that suppress excessive apoptosis under physiological conditions. We further revealed that they also become crucial targets for inducing higher levels of apoptosis when DNA is damaged. A previous study has described that pgl-1(bn102) hermaphrodites showed low level of germline apoptosis at 26°C (Navarro and Blackwell, 2005) . In this study, we found that hermaphrodites of multiple pgl-1 mutant alleles, including bn102, showed higher levels of germline apoptosis than wild-type controls at 20°C. pgl-1 mutants show temperature-sensitive sterility due to defects in 
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germline proliferation and gametogenesis (Kawasaki et al., 1998) . Therefore, in pgl-1 mutant gonads, germ cell populations in pachytene and oogenesis stages are significantly reduced at restrictive temperatures. Given that germline apoptosis is observed mostly during the pachytene stage, we assume that pgl-1 sterile hermaphrodites grown at 26°C could not show high levels of germline apoptosis because of the shortage of pachytene-stage germ cells. By contrast, when grown at 20°C, the majority of pgl-1 mutant hermaphrodites are fertile and contain high enough numbers of pachytene-stage germ cells in their gonads. Indeed, in pgl-1 mutant hermaphrodites, the apoptosis levels were higher than in wild-type N2 hermaphrodites at 20°C but not at 25°C (Fig. S1A) .
PGL-1 and PGL-3 suppress excessive germline apoptosis by repressing cytoplasmic translocation of SIR-2.1
In germ cells, P granules are localized to the nuclear periphery during most of the developmental stages (Strome and Wood, 1982) . Ultrastructural analysis of P granules in germ cells of adult hermaphrodite gonads has shown that P granules are tightly associated with nuclear pores on the nuclear envelope (Pitt et al., 2000) . In addition, a nuclear pore component, Nup98, has been shown to be essential for the perinuclear association of PGL-1 (Voronina and Seydoux, 2010) . Furthermore, FG repeats, a hallmark of many nuclear pore proteins, have been found in another family of P-granule proteins comprising GLH-1, -2 and -4 (Kuznicki et al., 2000) . Based on these findings, P granules are considered as extensions of nuclear pore complexes (Updike et al., 2011) . P granules might confer germline-specific roles on nuclear pore complexes. Although it has been reported that nascent mRNA is primarily exported from P-granule-associated nuclear pore complexes and then traffics through P granules to enter cytoplasm in adult hermaphrodite gonads (Sheth et al., 2010) , no C. elegans nuclear proteins have yet been shown to have their nuclear import or export specifically regulated by P granules or their components. In this study, we showed that cytoplasmic translocation of SIR-2.1, a C. elegans Sirtuin, is regulated by PGL-1 and PGL-3 for control of germline apoptosis. SIR-2.1 is a nuclear protein, and under physiological conditions, it predominantly localizes to the nucleus. Following DNA damage, SIR-2.1 alters its subcellular localization from the nucleus to the cytoplasm, and transiently colocalizes with CED-4 at the nuclear periphery, possibly to activate the CED-3 apoptotic protease (Greiss et al., 2008) . Therefore, subcellular localization of SIR-2.1 must be tightly regulated to ensure its proper functioning. We found that, in pgl-1 and pgl-3 mutant hermaphrodite gonads, a significant proportion of SIR-2.1 was translocated to the cytoplasm, and as a result, the level of germline apoptosis under physiological conditions increased (Fig. 7A,B) . Following DNA damage, cytoplasmic translocation of SIR-2.1 increased further, and the level of germline apoptosis was proportionally enhanced. However, germline apoptosis was almost completely suppressed in pgl-1 sir-2.1 and sir-2.1; pgl-3 double mutants to the level of sir-2.1 single mutants under both physiological and DNA-damaged conditions (Figs 7B and 8A) . From these findings, we propose that PGL-1 and PGL-3 suppress excessive germline apoptosis by repressing SIR-2.1 cytoplasmic translocation (Fig. 8D) . We assume that this repression is achieved through close association of PGL-1 and PGL-3 with nuclear pore complexes, because the level of germline apoptosis also increased in glh-1 single and glh-4 glh-1 double mutants (Fig. 8A) . In these mutants, a significant proportion of PGL-1 was dissociated from the germ nuclear envelopes and dispersed into the cytoplasm ( Fig. 7E ; Kawasaki et al., 1998) , and a significant proportion of SIR-2.1 was translocated to the cytoplasm (Fig. 7E) , although PGL-1 and PGL-3 were present in the mutant germ cells. Based on these results, we propose that by associating with the nuclear pore complex, PGL-1 and PGL-3 (or P granules) function as a germline-specific checkpoint that strictly regulates nuclear export (and import) of some proteins and RNAs. We consider that germline apoptosis induced in pgl-1 and pgl-3 mutants under physiological conditions mimics DNA-damageinduced germline apoptosis because the induction of the apoptosis was totally dependent on SIR-2.1 and was also significantly affected by EGL-1, both of which are only required for DNA-damageinduced germline apoptosis but not for physiological germline apoptosis (Gumienny et al., 1999; Greiss et al., 2008) . After DNA damage, the level of germline apoptosis was still higher in pgl-1 and pgl-3 mutants than in wild-type animals in a sir-2.1-dependent manner ( Figs 7B and 8A ). These observations support the view that PGL-1 and PGL-3 play important roles to suppress germline apoptosis under both physiological and DNA-damaged conditions.
CEP-1 promotes elimination of PGL-1 from germ cells following DNA damage It has been known for a long time that germ granules are intrinsically sensitive to UV and can be eliminated by UV irradiation (Smith, 1966; Illmensee and Mahowald, 1974) . In this study, we found that assembly of PGL-1 and PGL-3 into P granules in C. elegans gonads was also highly sensitive to UV irradiation. Interestingly, this assembly was more UV-sensitive in hermaphrodite gonads than in male gonads. Furthermore, we found that only PGL-1-absent germ cells were selectively engulfed by somatic gonadal sheath cells. We did not observe any engulfed germ cells that were positive for anti-PGL-1 antibody immunostaining through this study. This finding suggests a strong correlation between the loss of PGL proteins from germ cells and the commitment of the germ cells to apoptosis. Why and how PGL-1-absent germ cells are selectively committed to apoptosis and engulfed? It was previously reported that germ cells depleted of multiple P-granule components including PGL-1 ectopically expressed muscle and pan-neuronal markers similar to germ cell teratomas (Ciosk et al., 2006; Updike et al., 2014) . One intriguing hypothesis is that lack of P granules in germ cells triggers apoptosis for the elimination of cells that are transdifferentiated from germ cells to somatic cells. Further analysis is required to investigate this possibility. Given that PGL-1-absent germ cells persisted after UV irradiation much longer than the time period required for engulfment (20-90 min; Gumienny et al., 1999) , several different activities might participate sequentially for the formation and maintenance of PGL-1-absent germ cells as well as to successfully accomplish apoptosis and engulfment. Because germline apoptosis occurs only in hermaphrodite gonads (Gumienny et al., 1999) , we speculated that the loss of PGL proteins from germ cells following UV irradiation is promoted in hermaphrodite gonads by a gene activity in the DNA-damageinduced germline apoptosis pathway. We indeed obtained several lines of evidence indicating that CEP-1, the C. elegans p53, negatively regulates PGL-1 protein level (Figs 4E and 8D ). In addition, we found that activities of checkpoint genes also contribute to the formation or maintenance of PGL-1-absent germ cells (data not shown). However, EGL-1, a C. elegans BH3-only protein, which functions downstream of CEP-1 in the same pathway, did not significantly affect either the number of PGL-1-absent germ cells following UV irradiation or the level of PGL-1 protein. We assume that CEP-1 negatively regulates the level of PGL-1 protein independently of EGL-1 and CED-9 (Fig. 8D) .
The loss of PGL-1 in apoptotic germ cells is correlated with the activity of CED-3
We noticed that there were very few PGL-1-absent germ cells in ced-3 mutant gonads compared with N2 gonads under physiological conditions, as previously described (Sheth et al., 2010) , and that after UV irradiation, the number of PGL-1-absent germ cells was still much smaller in ced-3 mutant gonads than in N2 gonads (Fig. 5B,C) . Furthermore, PGL-1 protein level was higher in ced-3 mutants than in N2 animals under physiological conditions, and after UV irradiation, PGL-1 protein level was even higher in ced-3 mutants compared with N2 animals (Fig. 5A) . These results suggest that not only CEP-1 but also CED-3 is involved in the process of PGL-1 elimination from germ cells, and that PGL-1 is a potential substrate of the CED-3 apoptotic caspase. Indeed, we found an amino acid sequence D-E-V-D-S at amino acid residues 521-525 in PGL-1, which matches the consensus sequence of caspase cleavage sites, D-E-L/V-D-G/S (GarayMalpartida et al., 2005) . Thus, although experimentally not proven, PGL-1 might be cleaved by caspases including CED-3. Taken together, it can be inferred that after UV irradiation, CEP-1 and possibly EGL-1 activate CED-3, which in turn eliminates PGL-1 from germ cells. Therefore, PGL-1 protein accumulates and the number of PGL-1-absent germ cells is smaller in cep-1 and ced-3 mutants compared with N2 gonads. These results also suggest that processing of PGL-1 by CED-3 caspase and activation of CED-3 by PGL-1 elimination, which is induced by cytoplasmic translocation of SIR-2.1 and an increase in CED-4 protein level, constitute a positive-feedback loop that promotes germ cell apoptosis (Fig. 8D) .
A high level of germline apoptosis is not the cause of sterility in pgl-1 mutants To determine a possible correlation between a high level of germline apoptosis and sterility in pgl-1 mutants, we tested whether the sterility of pgl-1 mutants at a restrictive temperature is suppressed by introducing a ced-4 mutation. We found that although ced-4; pgl-1 double mutants showed almost no germline apoptosis (Fig. 6A) , they still showed the same temperaturesensitive sterility as pgl-1 single mutants (data not shown). This result clearly indicates that pgl-1 sterility is not caused by the increase in germline apoptosis, although this does not exclude a possibility that ced-4 has an important role in the control of germline development. Further analysis is required to elucidate the molecular mechanism responsible for the sterility in pgl-1 mutants.
MATERIALS AND METHODS

C. elegans strains
All strains were maintained at either 15 or 20°C on nematode growth medium (NGM) agar plates seeded with Escherichia coli OP50 as previously described (Brenner, 1974) . The strains used in this study are listed in Table S1 .
PCR primers
Presence of deletion mutations in C. elegans strains was tested by singleworm PCR (Williams et al., 1992) using the allele-specific primers listed in Table S2 .
UV irradiation
L4 hermaphrodites were pre-cultured either for 24 h at 20°C or for 18 h at 25°C, irradiated with 400 J/m 2 of UV-C light (254 nm) on OP50-seeded NGM plates, post-cultured on the plates either for 24 h at 20°C or for 12 h at 25°C, and then subjected to respective experiments.
Germline apoptosis assay
Germ cell corpses were counted under Nomarski DIC microscopy as previously described (Gumienny et al., 1999) . Apoptotic germ cells were visualized by Acridine Orange vital staining as previously described (Navarro et al., 2001) . Briefly, UV-irradiated or non-irradiated worms were stained with 25 μg/ml of Acridine Orange in M9 buffer for 1 h in the dark, allowed to recover on fresh OP50-seeded NGM plates for 30 min and observed under fluorescence microscopy to count the number of AcridineOrange-positive germ cells per gonad arm. Only one gonad arm was scored for each observed animal. 15-20 animals were examined for each condition.
Immunofluorescence analysis
Worms were dissected to extrude gonads, freeze-cracked, fixed with cold methanol and cold acetone and immunostained with primary and secondary antibodies as previously described (Kawasaki et al., 1998) . The specimens were further counter stained with 1 μM TO-PRO-3 (Molecular Probes) to stain DNA, and observed under a confocal microscope (Olympus, FV1000 Spectral). The following primary and secondary antibodies were used: rabbit anti-PGL-1 (1:4000; Kawasaki et al., 1998) , rabbit anti-SIR-2.1 (1:500; Novus), rabbit anti-GFP (1:400; Molecular Probes), mouse monoclonal OIC1D4, which specifically recognizes PGL-1 (undiluted; Developmental Studies Hybridoma Bank), mouse monoclonal anti-GFP (1:200; Molecular Probes), rat anti-PGL-3 (1:1000; Kawasaki et al., 2004) , Alexa-Fluor-488-or 546-conjugated goat anti-rabbit IgG (1:500; Molecular Probes), Alexa-Fluor-488-or 546-conjugated goat anti-mouse IgG (1:500; Molecular Probes), and Alexa-Fluor-546-conjugated goat anti-rat IgG (1:500; Molecular Probes) antibodies.
Western blot analysis
Western blotting was performed using whole-worm protein extracts from ∼100 gravid adult hermaphrodites of each genotype per gel well. Bound antibodies were visualized with an ECL western blotting detection kit (Amersham) and quantified using LAS-3000 (Fuji Film). The following primary and secondary antibodies were used: rabbit anti-PGL-1 (1:4000, as above), rabbit anti-SIR-2.1 (1:1000; Novus), rabbit anti-CED-9 (1:400; Santa Cruz Biotechnology), rabbit anti-β-actin (1:4000; Cell Signaling), goat anti-CED-4 (1:1000; Santa Cruz Biotechnology), mouse anti-GFP (1:5000; Clontech), mouse anti-α-tubulin (1:2000; Sigma), horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:10,000; Santa Cruz Biotechnology), HRP-conjugated donkey anti-goat IgG (1:10,000; Santa Cruz Biotechnology) and HRP-conjugated donkey anti-mouse IgG (1:1000; Jackson ImmunoResearch) antibodies.
RNAi
RNAi analysis was performed using the 'RNAi-by-soaking' method as described previously (Kawasaki et al., 2011) . pgl-1 dsRNA was synthesized in vitro from a full-length pgl-1 cDNA template (Kawasaki et al., 1998) . L1 worms soaked with pgl-1 dsRNA for 24 h were recovered to OP50-seeded NGM plates, grown for a few days until they reached the young adult stage (24 h after the L4 stage), treated or not treated with UV irradiation, further incubated for 24 h and then examined for the resulting RNAi phenotype.
Statistical analysis
All experiments were repeated more than three times for statistical evaluation of data. P values were calculated by Student's t-test. We considered P<0.05 as significant. To detect deletion mutations in C. elegans strains, single-worm PCR was performed as previously described (Williams et al., 1992) , using allele-specific primers listed in Table   S2 .
